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THE  MISSION  OF  AGARD 


The  mission  of  AGARD  is  to  bring  together  the  leading  personalities  of  the  NATO  nations  in  the  fields  of 
science  and  technology  relating  to  aerospace  for  the  following  purposes: 

— Exchanging  of  scientific  and  technical  information; 

— Continuously  stimulating  advances  in  the  aerospace  sciences  relevant  to  strengthening  the  common  defence 
posture; 

— Improving  the  co-operation  among  member  nations  in  aerospace  research  and  development; 

— Providing  scientific  and  technical  advice  and  assistance  to  the  North  Atlantic  Military  Committee  in  the 
field  of  aerospace  research  and  development; 

— Rendering  scientific  and  technical  assistance,  as  requested,  to  other  NATO  bodies  and  to  member  nations 
in  connection  with  research  and  development  problems  in  the  aerospace  field; 

— Providing  assistance  to  member  nations  for  the  purpose  of  increasing  their  scientific  and  technical  potential; 

— Recommending  effective  ways  for  the  member  nations  to  use  their  research  and  development  capabilities 
for  the  common  benefit  of  the  NATO  community. 


The  highest  authority  within  AGARD  is  the  National  Delegates  Board  consisting  of  officially  appointed  senior 
representatives  from  each  member  nation.  The  mission  of  AGARD  is  carried  out  through  the  Panels  which  are 
composed  of  experts  appointed  by  the  National  Delegates,  the  Consultant  and  Exchange  Program  and  the  Aerospace 
Applications  Studies  Program.  The  results  of  AGARD  work  are  reported  to  the  member  nations  and  the  NATO 
Authorities  through  the  AGARD  series  of  publications  of  which  this  is  one. 

Participation  in  AGARD  activities  is  by  invitation  only  and  is  normally  limited  to  citizens  of  the  NATO  nations. 
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STANDARDISATION  OF  IMPACT  TESTING 
OF  PROTECTIVE  HELMETS 


INTRODUCTION 

Early  in  1972,  a Working  Group  was  set  up  under  the  auspices  of  NATO/AGARD  Aerospace  Medical  Panel.  Its 
brief  was  to  consider  standardisation  of  biodynamic  impact  testing  with  special  reference  to  helmets,  seats  and  harn- 
esses. The  Working  Group  first  met  on  29th  May,  1972,  in  Brussels,  and  areas  were  defined  Where  standardisation  was 
required  between  NATO’s  member  nations.  One  of  these  areas,  the  estting  of  protective  helmets  for  aircrew,  was  con- 
sidered particularly  appropriate  for  consideration,  for  protective  helmets  were  worn  by  various  aircrew  to  perform 
identical  functions,  yet  were  designed  to  widely  differing  standards,  or  to  no  standard  at  all. 

The  present  paper  was  initially  researched  and  written  by  the  Working  Group’s  Leader,  and  subsequently  dis- 
cussed at  meetings  and  circulated  for  comment.  The  final  agreed  product  ‘Standardisation  of  Impact  Testing  of  Pro- 
tective Helmets’  attempts  a classification  of  currently  used  test  procedures,  and  proposes  a compromise  approach 
which  could  form  the  basis  for  agreement  within  the  NATO  membership.  In  addition  to  impact  protection,  penetration 
resistance  and  helmet  retention,  it  specifies  requirements  for  blast  protection,  maximum  all-up  weight  and  location  of 
a helmet’s  centre  of  gravity. 
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1.  IMPACT  ATTENUATION 

When  an  unprotected  head  is  struck  by  a solid  object,  a very  high  peak  force  is  transmitted  to  the  skull  and 
brain,  but  this  force  lasts  for  a very  brief  time,  one  millisecond  or  less.  If  the  head  is  protected  by  a helmet  which  in- 
corporates an  energy  absorbing  system,  such  as  a rigid  foam  liner  or  frangible  shell  and  tape  suspension,  then  the  im- 
pact is  prolonged  and  the  peak  force  developed  is  reduced.  Protection  is  attributed  to  this  reduction  in  peak  force,  and 
to  conversion  of  kinetic  energy  to  other  forms  of  energy  such  as  heat  or  noise.  Furthermore,  if  all  the  energy  of  the 
impact  is  absorbed,  there  will  be  no  bounce  and  the  overall  velocity  change,  and  hence  energy  transmitted  to  the  head, 
will  be  at  a minimum.  Finally,  the  helmet  shell  acts  to  spread  localised  loads  by  resisting  penetration  by  sharp  objects. 

Helmets  are  tested  in  the  UK  and  US  by  applying  predetermined  impacts  to  one  or  more  points  on  the  shell,  with 
the  helmet  mounted  on  a wooden  or  alloy  headform.  Impacts  are  achieved  by  dropping  a weight  onto  a rigidly 
mounted  headforrti,  the  headform  may  be  pivoted  to  swing  away  from  the  line  of  impact  (intended  to  simulate  neck 
movement),  or  a helmeted  headform  may  be  dropped  onto  a rigid  anvil.  The  struck  surface  may  in  each  case  be  flat 
or  hemispherical.  The  force  transmitted  to  the  headform  is  measured  from  a load  cell  in  its  base,  or  in  the  base  of  the 
anvil,  or  from  an  accelerometer  firmly  mounted  on  the  dropped  weight  (force  equalling  mass  times  acceleration). 

Interpretation  of  results  is  based,  in  the  UK,  on  the  assumption  that  a force  in  excess  of  22.3  kN  applied  for  even 
a few  milliseconds  is  likely  to  lead  to  fatal  concussion  (i.e.  BS  1869:1960),  though  this  value  has  been  brought  down 
to  19.6  kN  in  later  standards  (BS  2001:1972).  Differing  degrees  of  protection  are  obtained  by  varying  the  impact 
energy.  In  the  US,  standards  are  based  upon  the  Wayne-State  curve  which  relates  impact  force  required  to  produce 
brain  damage  to  duration  of  impact.  Thus,  a headform  deceleration  of  400  G is  allowable  provided  that  it  lasts  for 
less  than  2 msec,  but  for  impacts  lasting  2-4  msec  the  limit  is  reduced  to  200  G and  for  those  exceeding  4 sec  the 
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limit  is  150  G.  With  a dropped  headform  carrying  a 1.5  kg  helmet,  these  accelerations  correspond  to  25.5,  12.7  and 
9.6  kN  respectively. 

Lower  criteria  have  been  adopted  for  industrial  helmets.  For  example,  the  German  DIN  4840  standard  takes 
500  kp  (4.9  kN)  as  the  maximum  allowable  transmitted  force,  whilst  the  ANSI  Z-89  takes  a value  as  low  as  386  kp 
(3.8  kN). 

Information  currently  available  from  other  NATO  armed  forces  is  that  the  German  Air  Force  accepts  the  stand- 
ards laid  down  by  the  country  of  helmet  manufacture  (i.e.  UK  or  US  standards),  though  DIN  standards  exist  for 
helmets  for  vehicle  users,  whilst  France  makes  helmets  for  her  Air  Force,  but  has  no  standard  for  impact  attenuation. 
Canada  also  makes  use  of  the  US  Standards. 

Details  of  all  the  standards  known  to  be  in  use  are  set  out  in  Tables  1 , 2a  and  2b.  Whilst  the  US  considers  that 
‘the  basic  problems  of  head  protection  are  common  to  most  of  ....  interested  (consumer)  groups)  and  attempts  one 
standard  for  all  (i.e.  Snell:  1970),  the  UK  applies  less  stringent  standards  for  users  subjected  to  potentially  lesser  im- 
pacts. It  also  appears  that  UK  and  US  standards  are  presently  diverging,  for  BS  2001:1972  anticipates  deletion  of  the 
rigid  headform  technique,  whilst  the  USAF  apparently  favour  this  technique  to  the  eventual  exclusion  of  the  swing- 
away  arm  method.  Unfortunately,  correlation  of  these  two  techniques  is  made  difficult  by  the  variable  coefficient 
of  restitution  exhibited  by  different  helmets  (Rayne,  1969). 

The  two  US  standards  (ASA  and  Snell)  have  now  been  combined  into  a single  American  National  Standards 
Institute  standard,  Z90. 1-1971,  but  this  document  has  been  pre-empted  by  the  issue  of  the  US  Department  of  Trans- 
portation’s Standard,  DOT  218  (Table  2b).  This  will  become  the  standard  used  in  the  United  States  for  all  road 
users’  helmets  for  the  indefinite  future.  However,  at  present,  no  headforms  are  available  for  standard  218  and,  un- 
doubtedly, ANSI  Z90.  1-1971  and  the  Snell  Memorial  Foundation  standard  will  continue  to  be  used  for  some  time. 
Table  3 compares  ANSI  Z90,  which  is  essentially  the  former  ASA  Z90  without  the  swing-away  headform  option,  with 
a prediction  of  the  form  which  BS  1495  is  likely  to  take  when  revised.  This  table  also  gives  comments  concerning 
differences  between  the  two  standards.  A major  difference  is  that  helmet  weight  adds  to  the  energy  of  the  impact  in 
the  US  test,  so  that  heavy  helmets  are  penalised.  Thus  a helmet  weighing  1.5  kg  increases  the  impact  energy  for  a flat 
anvil  from  89  J to  1 16  J. 

Assuming  a head  weight  of  5 kg,  a deceleration  of  400  G corresponds  to  a transmitted  force  (as  specified  in 
current  UK  standards)  of  19.6  kN.  There  thus  appears  to  be  good  agreement  as  to  the  maximum  peak  force  to  which 
the  head  should  be  submitted,  though  this  is  hardly  justified  by  the  current  state  of  knowledge  concerning  head  in- 
jury mechanisms  (i.e.  see  Swearingen,  1971). 

Other  significant  differences  between  the  two  standards  concern  the  manner  in  which  impacts  are  applied,  the 
UK  calling  for  a single  massive  impact  against  a flat  anvil,  whilst  the  US  requires  eight  lesser  impacts  to  four  separate 
sites,  using  a hemispherical  as  well  as  a flat  anvil.  A consequence  is  that  the  UK  standard  can  be  met  by  the  use  of 
an  energy  absorbing  system  which  is  destroyed  on  impact  (torn  suspension  tapes  and  fractured  shell),  but  this  helmet 
could  fail  if  required  to  absorb  a second  impact.  By  contrast,  the  US  standard  favours  the  use  of  a rigid  foam  energy 
absorber  of  which  only  a fraction  is  used  up  by  each  impact.  Such  a system  would  probably  fail  the  single  more 
massive  impact  test  employed  in  the  UK  standard.  The  basic  question  which  requires  answering  here  is  the  relative 
frequency  of  single  and  multiple  impacts  in  service  usage  of  helmets,  and  how  massive  these  impacts  are.  A study 
which  has  been  going  on  at  lAM  Farnborough  for  some  time  (Glaister,  1974)  should  help  here,  and  it  is  understood 
that  a similar  study  has  recently  been  initiated  at  Fort  Rucker.  Similar  information  is  also  urgently  needed  from  the 
other  NATO  armed  forces. 

Given  this  information,  there  seems  no  eventual  bar  to  agreeing  upon  a common  standard  for  impact  protection 
and  test  methods  to  be  used  for  all  helmets  worn  by  NATO  armed  forces,  for  the  other  differences  are  relatively 
minor  and  could  either  be  eliminated,  or  shown  to  be  insignificant.  For  example,  it  appears  that  there  is  fair  agree- 
ment about  the  level  of  transmitted  force  (or  head  acceleration)  which  should  be  accepted  in  a head  impact,  but 
currently  a great  disparity  concerning  impact  energy  requirements  for  helmets.  Since  current  standards  fix  the  input 
parameters  the  test  results  are  not  comparable.  Furthermore,  both  UK  and  US  standards  apply  pass/fail  criteria  and  say 
nothing  about  the  actual  level  of  protection  afforded  by  a particular  helmet.  In  view  of  these  shortcomings,  it  seems 
logical  to  adopt  a test  procedure  recently  used  in  the  evaluation  of  protective  helmets  for  mountain  climbers 
(Schubert,  1974).  In  this  test  the  acceptable  transmitted  force  was  fixed  (800  kp  or  7.85  kN)  and  the  input  energy 
required  to  achieve  this  figure  was  determined  for  single  and  repeat  impacts  on  a total  of  six  test  specimens. 

For  military  use  it  is  suggested  that  the  acceptable  level  of  transmitted  force  be  taken  as  20  kN,  and  that  a 
dropped  headform  rig  is  used  so  that  the  impact  sites  can  be  varied  readily  to  include  the  front  brim  and  occipital 
regions  as  well  as  the  crown.  Whilst  such  testing  would  involve  more  test  speciments  initially,  subsequent  batch 
testing  and  tests  on  conditioned  helmets  could  be  carried  out  at  a single  critical  impact  level.  The  improved  data  ob- 
tained, however,  would  prove  of  immediate  value  to  all  nations  by  reference  to  current  standards  and  would  allow 
the  best  helmet  to  be  selected  for  any  particular  application. 
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A further  problem  concerns  the  standardisation  and  calibration  of  impact  test  equipment.  Different  devices 
currently  used  can  yield  different  results  even  when  working  to  the  same  standard.  For  example,  a change  of  trans- 
ducer to  one  of  different  band-pass  characteristics  can  markedly  modify  the  measurement  of  a peak  force.  A standard 
for  minimum  performance  characteristics  of  electronic  components  should,  therefore,  be  used  in  impact  work,  and 
that  issued  by  the  Society  of  Automotive  Engineers  (Standard  J 211a)  could  form  a basis  for  discussion  or  agreement. 
Thus,  headform  forces  would  have  to  be  measured  to  within  +0.5  dB  at  0.1  H^,  to  within  +0.5  and  —1.0  dB  at 
1,000  and  to  within  +1  and  —4.0  dB  at  1,650  Hj,.  Thereafter  sensitivity  would  fall  off  at  between  6 and  24  dB 
per  octave.  Also  specified  would  be  the  range  and  frequency  of  calibration  signals. 

In  the  United  States,  the  compatibility  of  test  results  from  different  centres  has  been  improved  by  the  circu- 
lation, at  specified  intervals,  of  a test  piece  of  known  impact  characteristics  (a  multiple  elastomer  programmer,  or 
MEP).  It  has  been  shown,  however,  that  adequate  accuracy  of  calibration  may  be  achieved  by  impacting  plasticine 
cones  and  then  integrating  the  recorded  force-time  history  to  give  a velocity  change  which  can  be  compared  with  the 
caclulated  or  measured  impact  velocity  (Rayne,  1969;  Glaister,  1973).  Agreement  on  such  a simple  test  procedure 
should  be  readily  obtained. 


2.  PENETRATION  RESISTANCE 

The  individual  methods  used  by  the  UK,  US,  Germany  and  France  for  evaluating  the  penetration  resistance  of 
protective  helmets  are  summarised  in  Table  4.  The  most  significant  difference  is  whether  the  helmet  is  tested  intact 
(latest  BS  and  ANSI  tests,  Snell;  1970,  French  and  German  tests),  or  whether  the  lining  and  cradle  are  first  removed 
(earlier  British  standards  and  the  earlier  Z90.1).  It  is  suggested  that  the  latter  methods  are  appropriate  to  the  develop- 
ment of  new  materials  for  headgear,  but  that  a test  involving  the  complete  helmet  is  more  meaningful  in  deciding 
whether  a given  helmet  is  acceptable  for  service  use. 

Whilst  the  standards  utilising  complete  helmets  use  identical  strikers,  namely  a 60“  cone  with  a 0.5  mm  radius 
tip  and  mass  of  3 kg,  there  is  a three  to  one  difference  in  impact  energies  (29  J for  BS  2001  and  88  J for  Z90.1-1971 
and  Snell).  The  pass/fail  criteria  also  differ.  Thus,  the  British  Standard  tends  to  reject  a flexible  shell  whereas  the 
Snell  only  rejects  a shell  which  permits  penetration  as  evidenced  by  electrical  contact  between  striker  and  headform. 
Swearingen  (1971)  stresses  the  importance  of  helmet  rigidity  as  a means  for  reducing  skull  and,  therefore,  brain  de- 
formation, and  for  increasing  acceleration  tolerance.  Since  insulation  resistance  per  se  is  not  a relevant  requirement , 
the  British  test  appears  more  logical  and  has  the  added  advantage  that  instrumentation  is  external  to  the  helmet. 
Furthermore,  impact  energies  can  be  increased  as  helmet  materials  improve,  and  instead  of  a simple  pass/fail  criterion, 
the  energy  required  to  bring  the  spike  to  within  5 mm  of  the  headform  could  be  measured  and  used  to  provide  a 
quantitative  basis  for  comparing  different  helmets. 

3.  HARNESS  STRENGTH 

The  tests  for  harness  and  chin  strap  strengths  are  summarised  in  Table  5.  All  the  standards  require  specified 
loads  to  be  supported  by  means  of  an  artificial  jaw  without  exceeding  given  elongations  of  the  harness.  Loading  is 
either  applied  very  slowly  (British  tests),  or  at  an  unspecified  rate  (US  tests),  and  the  required  loads  vary  from  51  to 
136  kg.  Allowable  displacement  of  the  'jaw’  is  about  25  mm. 

All  these  tests  are  unrealistic  in  that  the  loading  is  quasi-static,  whereas  in  actual  use  the  loading  would  be  very 
sudden.  It  seems  reasonable  to  insist  that  a helmet  should  remain  in  place  following  at  least  a —50  G^  head  accelerat- 
ion, and  there  would  be  a good  argument  in  favour  of  putting  this  up  to  400  G,  since  that  is  the  tolerance  level  to 
which  the  impact  protection  has  been  designed.  For  a 1.5  kg  helmet  this  indicates  an  abrupt  loading  of  at  least  75  kg 
(or  possibly  600  kg),  with  displacement  not  exceeding  25  mm.  The  required  load  should  be  related  to  helmet  weight. 
A suitable  test  should  be  devised. 

At  present  there  is  no  test  method  for  helmet  retention  during  crash  impact.  Such  a test  is  urgently  required 
since  a protective  helmet  ceases  to  function  if  it  comes  off  the  head.  An  appropriate  level  of  impact  acceleration  for 
this  test  would  be  the  level  to  which  the  aircraft  seat  and  harness  is  designed;  for  example,  a maximum  of  —40  G^ 
(Mil-S-9479B,  USAF)  but,  ideally,  all  three  axes  of  acceleration  should  be  investigated.  A second  situtation  where 
helmet  retention  is  essential  is  during  windblast  following  ejection.  This  requires  blower  tunnel  testing  at  an  approp- 
riate windspeed  and  rate  of  onset,  again  using  a representative  dummy  head. 

Finally,  the  maximum  acceptable  all-up  weight  for  a helmet  should  be  defined.  Heavy  helmets  may  offer  greater 
impact  protection,  but  will  be  less  comfortable  and  more  fatiguing  to  wear.  New  materials  allow  equal  protection  to 
be  obtained  with  less  weight  and  this  trend  should  be  encouraged.  Specifying  weight  alone  is  not  enough,  however, 
for  the  disposition  of  this  weight  over  the  wearer’s  head  is  equally  important.  Thus,  if  the  centre  of  gravity  of  the 
head  plus  helmet  is  markedly  different  from  that  of  the  head  alone,  not  only  will  additional  muscular  effort  be  re- 
quired, but  dangerous  neck  loads  could  be  produced  during  crashes  or  assisted  escape  from  aircraft.  A simple  tech- 
nique for  the  measurement  of  a helmet’s  centre  of  gravity  has  been  reported  by  Aram  (1970),  and  could  be  adopted  as 
the  basis  for  a standard  test. 
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Markt  befindlicher  Melmmodelle.  Tatigkeitsbericht  1971-1973,  Deutscher 
Alpenverein:  Munchen,  pps  21-58,  1974. 

Snell  Memorial  Foundation,  2315  Stockton  Boulevard,  Sacramento,  California  95817. 
Standard  for  Protective  Headgear  1970. 

Society  of  Automotive  Engineers,  Inc.  Instrumentation  for  impact  tests  - SAE  J 211a. 
1973  SAE  Handbook. 

Tolerances  of  the  Human  Brain  to  Concussion.  Federal  Aviation  Administration 
Report  No.  FAS-AM-71-13,  1971. 
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TABLE  2b. 


Current  US  Standards  (Cont). 


Institution 

National  Highway  Traffic  Safety  Administration. 

Standard 

Federal  Motor  Vehicle  Safety  Standard  No.218. 

Application 

All  Road  Users  of  Motor  Vehicles. 

Method 

Dropped  Headform. 

Headform 

Alloy,  in  4 sizes.  Weight  (including  supporting  arm),  A,  7.8  lb;  B,  8.9  lb; 

C,  11.0  lb;  D,  13.4  lb. 

Anvil 

Flat  or  hemispherical  (1.9  in.  radius),  steel. 

Impact  site 

4 sites  at  random  above  test  line,  separated  by  at  least  l/6th  of  maximum 

circumference. 

Number  of  impacts 

8.  Two  successive  identical  impacts  at  each  of  4 

sites,  two  with  flat  anvil 

and  two  with  hemispherical  anvil. 

Impact  details: 

Flat  anvil 

Hemispherical  anvil 

Drop  height 

6 ft  (1.83  m) 

54.5  in.  ( m) 

A B C D 

A 

BCD 

Kinetic  energy 
of  impactor 

63.5J  72.4J  89.5J  109J 

48.0J 

54.8  J 67 .7J  82 .5  J 

Impact  energy 

with  1 .5  kg  helmet 

90 .4J  99.3J  116J  136J 

68 .4J 

75.2J  88. IJ  103J 

Impact  energy  per 
site 

18 IJ  199J  233J  272J 

137J 

150J  176J  206J 

Total  impact 

A B 

C 

D 

energy 

636  698 

818 

956 

Conditioning 

Ambient,  hot,  cold,  water,soak. 

Pass  criteria  — 

Not  more  than  400  G,  or  more  than  200  G for  more  than  2 msec  (cumu- 

force 

lative),  or  more  than  150  G for  more  than  4 msec  (cumulative). 

Standards  Proposed  by  BSl  and  ANSI  for  UK  and  US  Air  Force  Helmets 
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Tests  Used  to  Determine  Penetration  Resistance  of  Protective  Helmets 
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TABLE  5. 


Standards  For  Harness  Strength 


Standard 

BS  1869:1960,  2495:1960,  4423:1969 

Method 

Helmet  supported  by  brim.  Chin  strap  loaded  through  special  hanger  by  4.5  kg 
for  Vi  to  1 min.  Load  increased  over  30  sec  to  90.7  kg  and  left  for  2 min. 

Pass/fail  criteria 

Vertical  movement  of  hanger  following  second  load  must  not  exceed  31.8  mm. 

Standard 

BS  2001:1972 

Method 

1 . Helmet  on  headform.  Chin  strap 
loaded  through  two  12.5  mm  dia. 
rollers  at  75  mm  centres  by  4.6  kg,  and 
load  increased  over  30  sec  to  5 1 kg  and 
maintained  for  2 min. 

2.  Helmet  on  headform  supported  by 
brim.  Load  of  102  kg  applied  to 
harness  attachment  points  over  30 
sec. 

Pass/fail  criteria 

Vertical  displacement  of  loading  weight 
must  not  exceed  25  mm. 

No  breakage  or  tearing  at  attachment 
points. 

Standard 

Z90.1-1966  (1971)  and  Snell:  1970 

Method 

1.  Helmet  on  headform.  Chin  strap 
loaded  through  two  12.7  mm  dia.  rollers 
at  76  mm  centres  by  weight  of  136  kg 
(after  23  kg  preload). 

2.  Chin  strap  tested  for  ultimate  strength 
and  for  elongation  under  tension. 

Pass/fail  criteria 

Load  to  be  supported  without  parting 
or  displacement  in  excess  of  25.4  mm. 
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nations.  One  of  these  areas,  the  testing  of  protective  helmets  for  aircrew,  was  nations.  One  of  these  areas,  the  testing  of  protective  helmets  for  aircrew,  was 
considered  particularly  appropriate  for  consideration,  for  protective  helmets  were  worn  considered  particularly  appropriate  for  consideration,  for  protective  helmets  were  worn 
by  various  aircrew  to  perform  identical  functions,  yet  were  designed  to  widely  differing  by  various  aircrew  to  perform  identical  functions,  yet  were  designed  to  widely  differing 
standards,  or  to  no  standard  at  all.  standards,  or  to  no  standard  at  all. 

The  present  paper  was  initially  researched  and  written  by  the  Working  Group’s  Leader,  The  present  paper  was  initially  researched  and  written  by  the  Working  Group  s Leader, 


